The studies on the behaviour of a Pyroelectric Detector (PED) under the conditions of pulsed load are presented. Taking into account the details of its geometry and thermal connectivity, 3D models resulting to the temperature field in a LiTaO3 pyroelectric crystal are incorporated in a complete detector. From the timeresolved temperature field, the current resulting from the pyroelectric effect is calculated, followed by the PED output from the I-to-V converter. The models are verified experimentally with a commercial PED in the case of 1:1 duty cycle and a high electrical time constant. Further, the predicted response to a burst of 2ns pulses is given for variants of the front-end electronics, allowing the optimal choice of signal processing method. The novelty is the achieved facility to predict the response to pulsed radiation, down to ns pulse widths and arbitrary duty cycle. This is valuable for the engineering of pulsed-source sensor systems requiring detection at room temperature.
Introduction
PEDs are in mass production, most notably because of a sizeable market in the area of security and intruder detection systems [1] . Signal processing from PEDs is presented in literature mainly in terms of their AC response to low-frequency sinusoidal modulation or to square pulses with a 1:1 duty cycle. This approach is unsuitable for developing a signal detection scheme for pulsed detection, e.g. in our case of nanosecond THz pulses with kHz frequency, resulting from difference-frequency THz generation with two near-IR fibre laser/amplifier sources. Thus, in contrast to assuming infinite or insulated boundary constraints as in the current 1D heat transfer models, we obtain the full time-resolved thermal and electrical response to a chosen pulsing strategy, e.g. to bursts of low duty-cycle pulses under a low-frequency envelope. This allows future accurate estimates of the performance of appropriate signal processing methods, such as phase-sensitive detection, depending on the front-end electronic circuit.
PED Thermal Model
A heat conduction problem, such as heat transferred to a pyroelectric element by laser radiation is not linear, either due to the non-linearity of the differential equation or the boundary conditions or both. Exact solutions of heat conduction problems (with or without time-dependent thermal properties) become extremely difficult or even impossible when complicated boundary conditions are involved. Moreover approximate analytic methods may not be applicable or may not provide the desired degree of accuracy, therefore numerical Modelling the thermal behaviour of any thermal detector requires assumptions about the absorption and reflection coefficients, and justification for neglecting the heat transfer in a three dimensional space. Moreover, the timing response of the detector, which is of main interest in this work, is strongly depended on its particular engineering design, in terms of materials and geometry. The temperature of such bodies can be taken to be a function of time only, T(t). Heat transfer analysis, utilizing the "lumped" approach, considers a uniform internal temperature distribution at all times T(t), which would be justified for simple cases. A simplified "lumped" thermal model of the PED can be approximately represented using an equivalent electrical RC network [2, 3] . The values of the equivalent RC electrical components shown in Fig. 1 can be used to describe the thermal properties (radiation, heat capacity and thermal conductivity). In the less ideal case shown in Fig.2 , where the sensitive thermal element consists of several layers, its thermal properties are defined by the resulting values of conductance and heat capacitance, Gth and Cth respectively: 
Radiation
can therefore be solved (in Laplace or time domain) and the constants Gth and Cth can be calculated using Equations (1.2) and (1.3).
The pyroelectric crystal of the commercial PED SPH-43 has thickness of 25µm and is mounted on a ceramic (usually Alumina) in a bridge configuration as shown in Figure 3 . The air gap between the crystal and the ceramic thermally isolates the crystal providing a longer thermal time constant. The top surface of the crystal is covered with a partially absorbing metal electrode (typically Chromium ~20 nm) and the bottom surface is covered again by Chromium, followed by a thin layer of gold with ~40 nm combined thickness. A small diameter (0.0762 mm) gold wire is attached to the top electrode and in turn to the header pin. The electric contact to the back of the crystal is made by conductive epoxy that runs to the header pin.
Figure 3 Three dimensional representation of the SPH-43 PED from Spectrum Detectors
Due to the complexity of the detector's geometry, which is ignored in the lumped approach, values of G th and C th will yield a less accurate voltage response in terms of timing as well as gain. Using numerical methods, such as FEM or FDM, the success of the model depends on relevance of the defined boundary conditions. A particular PED, SPH-43 from Spectrum Detector has been modelled by using FEM within the COMSOL Multiphysics software.
Thermal to Electrical Conversion
Following from the pyroelectric properties [4] of the crystal the pyroelectric current is proportional to the rate of polarization change with temperature known as the pyroelectric coefficient p, the area A d and the rate of temperature change d∆T d /dt within the crystal [5] , as shown in Equation (1.4),
The total pyroelectric current is the sum of the contributions (1.4) from each volume element (voxel) calculated from the temperature distribution on a regular 3D grid, exported from COMSOL.
Electrical Conversion
A PED can be considered as a very high-impedance, low-current source. A voltage signal is obtained as the output of an (I-V) converter integrated within a Spectrum Detector package. The transfer function of each mode is shown in the following Equations (1.5) and (1.6):
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The SPH-43 is a current mode device utilizing a transimpedance amplifier. A high value feedback resistor (100GΩ) is used to achieve high gain. Using the equivalent transfer function of the noise analysis of the I-V converter Simulink/Matlab can be derived. Alternatively, National Instrument (NI) Multisim is a very powerful simulator based on PSpice, where a large library of electronic components (with non-ideal characteristics) is available. This allows convenient simulation of the electrical part of the PED as well as advises the design of further electronic circuits connected to the output of the detector.
Results
A 3D heat transfer model of the PED is constructed in COMSOL Multiphysics to determine its thermal response to a wide range of irradiation scenarios. The time-dependent temperature field (illustrated in Fig. 5 at a fixed time) is obtained for the LiTaO 3 pyroelectric crystal, as a part of a complete, commercially available PED. The pyroelectric current is obtained from the time derivative of the temperature field and is further presented to a I-V Converter, to yield the electronic output. The converter circuit (Fig. 6) is simulated under NI Multisim, for the reason stated previously, taking into account an ideal operational amplifier. The complete model is verified experimentally by simple experiments based on LED illumination and using the circuit in Fig.  4b (current mode). Fig. 7 shows the voltage response of the PED when illuminated by an LED. The yellow graph shows the voltage response to a step at t=0, where the rate of temperature change d∆T d /dt is obtained using FEM in COMSOL and the I-V conversion simulated in Multisim. The purple graph was solely simulated in Multisim with the "lumped" approach used. The results are all normalised to their maximum value and compared with the experimental results (blue line). While the focus here is on the time response of the detector, the match in absolute amplitude values of voltage is subject to experimental uncertainties in the power delivered to the PED front surface. Overall, the rising part of the response, conditioned by the thermal time-constant, is well reproduced. The departure between the COMSOL-derived model and the experimental data at longer times probably results from parasitic capacitances (the pyroelectric chip, op-amp and connections) that are not accounted for. Further, towards the ultimate goal of modelling of the output signal in the case of a 15ms burst of 2ns pulses with 1:1000 duty cycle, Fig. 8 shows the response for an increasing value of the electrical time constant. A notable gain difference of the low frequency (on/off) envelope responses is observed for each electrical time constant RC. Due to the feedback resistor being integrated within the SPH-43, the output gain of the transimpedance amplifier is limited from above. However it can be reduced, if a smaller electrical time constant is desired, by connecting a shunting resistor. This suggests the importance of the optimal choice of the on/off timing of the burst of ns pulses, directly related to the achievable bandwidth of the envelope and the overall choice of the signal detection scheme.
Conclusions
A 3D thermal model of a commercial PED (SPH-43) was successfully performed using FEM in COMSOL Multiphysics, to derive the rate of temperature change due to incident pulsed radiation. While the thermal behaviour of the PED could have been simulated using the traditional lumped approach, COMSOL has yielded a more accurate result, by accounting for details such as surface to surface irradiation, convective boundary conditions, etc.. Moreover, COMSOL allows further studies on modelling the thermal behaviour of an array of multiple pyroelectric elements. PEDs have high performance when operated at low frequencies where the 1/f noise is dominating.; however this results in a large electrical time constant. Therefore the thermal and electrical time constants will be the key parameters in estimating the optimum shape of the pulse burst sequence to achieve high responsibility and best signal to noise ratio.
